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SUBSTRATE ENGINEERING FOR OPTIMUM 
CMOS DEVICE PERFORMANCE 

BACKGROUND OF INVENTION 

[0001] The present invention relates to integrated semi 
conductor structures, and more particularly to an integrated 
semiconductor structure having different types of comple 
mentary metal oXide semiconductor devices (CMOS), i.e., 
PFETs and NFETs, located atop a semiconductor substrate, 
Wherein each CMOS device is fabricated such that the 
current ?oW for each device is optimal. The present inven 
tion also relates to a method of forming such an integrated 
semiconductor structure. 

[0002] In the semiconductor industry, it has become more 
and more dif?cult in recent years to improve device perfor 
mance. Mobility enhancement is a knoWn Way to improve 
complementary metal oXide semiconductor (CMOS) device 
performance. For eXample, it is knoWn that the electron and 
hole mobility are affected by the Wafer surface orientations 
as Well as the current ?oW directions. This is because of the 
anisotropic effective mass behaviors of the inversion layer 
carriers. 

[0003] Currently, CMOS devices are formed on a semi 
conductor Wafer that is based on a (100) surface orientation, 
i.e., crystal plane, With a notch or Wafer ?at located at the 
<011> direction. Such a Wafer is shoWn, for eXample, in 
FIG. 1A. The surface orientation is de?ned as the surface 
normal vector out of the crystal plane of the semiconductor 
Wafer. The standard notation for crystal planes is illustrated 
in FIGS. 2A, 2B and 2C. The current direction of a 
MOSFET can be designed at device layout. Under normal 
operation, the MOSFET current alWays ?oWs from the 
source to the drain side modulated by the gate terminal. 
Therefore, the current ?oW direction can be controlled by 
rotating the PC (i.e., polysilicon mask) and RX (i.e., active 
silicon) masks With respect to the Wafer notch. 

[0004] FIG. 1B is another pictorial representation of a 
semiconductor Wafer having a (100) surface orientation With 
a notch located at the <011> direction. For a (100) oriented 
semiconductor Wafer, the current How is insensitive to the 
current ?oW directions, if polySi gates are laid out either 
parallel or perpendicular to the Wafer notch. 

[0005] It is also knoWn in the semiconductor industry that 
the substantial enhancement of hole mobility (2.7x) can be 
achieved by using a (110) surface-oriented semiconductor 
Wafer. The enhancement factor is directional dependent. For 
eXample, there is more enhancement for the <110> direction 
than that of the <100> direction. HoWever, electron mobility 
is knoWn to be degraded in a (110) surface oriented Wafer by 
a comparable percentage. This electron mobility degradation 
on a (110) Wafer is also directional dependent. For eXample, 
there is less degradation from the <100> direction than that 
of the <110> direction. 

[0006] In vieW of the state of the art mentioned above, 
there is a need for providing semiconductor substrate engi 
neering for obtaining CMOS devices having optimum per 
formance. 

SUMMARY OF INVENTION 

[0007] One object of the present invention is to provide an 
integrated semiconductor structure that includes a semicon 
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ductor substrate having a surface orientation that alloWs for 
the subsequent fabrication of CMOS devices of high per 
formance. 

[0008] Another object of the present invention is to pro 
vide an integrated semiconductor structure in Which the 
semiconductor substrate is engineered to have a surface 
orientation that provides substantial current enhancement 
for PFET devices With relatively small current degradation 
for NFET devices. 

[0009] A further object of the present invention is to 
provide an integrated semiconductor structure including an 
engineered semiconductor substrate having a surface orien 
tation that permits high current ?oW for PFETs as Well as 
NFETs. 

[0010] A yet further object of the present invention is to 
provide an integrated semiconductor structure having an 
engineered semiconductor substrate that is sensitive to cur 
rent ?oW directions. 

[0011] An even further object of the present invention is to 
provide an integrated semiconductor structure having an 
engineered semiconductor substrate With NFETs and PFETs 
positioned on the substrate such that both devices have high 
performance., 

[0012] A still other object of the present invention is to 
provide an integrated semiconductor structure including an 
engineered semiconductor substrate With NFETs and PFETs 
positioned on the substrate such that both devices have high 
performance Wherein the integrated semiconductor structure 
is fabricated using relatively simple, and inexpensive pro 
cessing steps. 

[0013] These and other objects and advantages are 
achieved in the present invention by providing a semicon 
ductor substrate having a speci?c surface orientation Which 
can be used in fabricating CMOS devices thereon that have 
optimal current How and thus optimal performance. In 
particular, the applicants of the present application have 
determined through experimentation that by using a semi 
conductor substrate having a (110) surface orientation and a 
notch pointing in a <001> direction of current ?oW, optimal 
CMOS devices can be formed on such a substrate since the 
substrate is sensitive to current ?oW directions. 

[0014] The present invention thus has advantages over 
other mobility enhancement techniques knoWn in the art. 
For eXample, mobility enhancement caused by forming 
strained Si on a relaXed SiGe layer Will affect dopant 
diffusion, defect density, and self-heating. The CMOS 
devices fabricated With the method of the present invention 
provide a net gain in mobility Without affecting many of the 
other device characteristics. The additional cost to imple 
ment this feature is insigni?cant. 

[0015] In broad terms, the method of the present invention 
comprises the steps of: 

[0016] providing a semiconductor substrate that has a 
(110) surface orientation and a notch pointing in a 
<001> direction of current ?oW; and 

[0017] fabricating at least one PFET and at least one 
NFET on the semiconductor substrate, Wherein said at 
least one PFET has a current How in a <110> direction 
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and the at least one NFET has a current flow in a <100> 
direction, said <110> direction is perpendicular to the 
<100> direction. 

[0018] In addition to providing a method of fabricating an 
integrated semiconductor structure, the present invention is 
also related to the integrated semiconductor structure that is 
fabricated by the method of the present invention. Speci? 
cally, and in broad terms, the integrated semiconductor 
structure of the present invention comprises: 

[0019] a semiconductor substrate having a (110) surface 
orientation and a notch pointing in a <001> direction of 
current flow; and 

[0020] at least one PFET and at least one NFET located 
on the semiconductor substrate, Wherein said at least 
one PFET has a current flow in a <110> direction and 
the at least one NFET has a current flow in a <100> 
direction, said <110> direction is perpendicular to the 
<100> direction. 

BRIEF DESCRIPTION OF DRAWINGS 

[0021] FIGS. 1A-1B are pictorial representations of a 
standard prior art semiconductor Wafer that is based on a 
(100) surface orientation With a notch located at a <011> 
direction. 

[0022] FIGS. 2A-2C are pictorial representations illus 
trating that the surface orientation is de?ned as the surface 
normal vector out of the crystal plane of the semiconductor 
Wafer. 

[0023] FIG. 3 is a pictorial representation of a semicon 
ductor substrate of the present invention that is based on a 
(110) surface orientation With a notch located at a <001> 
direction. 

[0024] FIG. 4 is a pictorial representation (through a 
top-doWn vieW) shoWing the direction of current flow of the 
integrated semiconductor structure of the present invention. 

[0025] FIGS. 5A-5F are pictorial representations (through 
cross-sectional vieWs) shoWing the basic processing steps 
used in the present invention. 

DETAILED DESCRIPTION 

[0026] The present invention, Which provides substrate 
engineering for optimum CMOS device performance, Will 
noW be described in greater detail by referring to the 
draWings that accompany the present application. In the 
accompanying draWings, like reference numerals are used 
for describing like and corresponding elements. 

[0027] As stated in the background section of the present 
application, the prior art typically forms its” semiconductor 
devices on a semiconductor substrate having a (100) surface 
orientation and a notch pointing at the <011> direction of 
current flow; See, for example, FIGS. 1A-1B. Applicants 
have determined through surface engineering that the prior 
art semiconductor substrate having a (100) surface orienta 
tion and a notch at the <011> direction of current flow is 
insensitive to current flow directions if the gates of the FET 
are laid out either parallel or perpendicular to the Wafer 
notch. 

[0028] In an attempt to determine the optimum surface 
orientation and current flow for fabricating high perfor 
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mance semiconductor devices, the IV characteristics for 
PFETs and NFETs on semiconductor substrates With various 
surface orientations and current flow directions Were deter 
mined. In particular, the applicants of the present application 
performed experimentation, in the terms of IV characteris 
tics, to illustrate the enhancement (degradation) factor for 
PFETs and NFETs With various surface orientation and 
current flow. The folloWing table summariZes the enhance 
ment and degradation factors With respect to the current for 
various substrates. 

(100) surface <100> (110) surface <110> (100) surface <100> 
direction direction direction 

FET 1 0.428 0.568 
FET 1 2.38 1. 61 

[0029] From this table, the applicants of the present appli 
cation have determined that in order to obtain optimal 
CMOS device performance the initial or starting semicon 
ductor substrate should have a (110) surface orientation, i.e., 
a (110) crystal plane. It is also deduced from the above that 
When a semiconductor substrate having a (110) surface 
orientation is used, the NFETs should be laid out such that 
the current ?oWs in the <100> direction, While the PFETs 
should be laid out such that the current ?oWs in the <110> 
direction. Such a layout Will provide an approximate 2.4x 
PFET current With NFET current reduced to about 57% 
compared to that on a (100) Wafer. Thus, by using a starting 
semiconductor substrate having a (110) surface orientation 
substantial PFET current enhancement With relatively small 
NFET current degradation Will be obtained in the present 
invention. 

[0030] FIG. 3 provides a pictorial representation of the 
initial or starting semiconductor substrate (labeled as 5) that 
is employed in the present invention. FIG. 3 includes the 
<001> direction and the <110> direction of current flow. The 
<100> direction of current flow is perpendicular to both the 
<001> and the <110>; hence the <100> direction is coming 
out of the plane of the draWing. The term “semiconductor 
substrate” is used in the present invention to denote any 
semiconducting material including, but not limited to: Si, 
SiGe, SiC, SiGeC, GaAs, InAs, InP or other like III/V 
compound semiconductors. Apreferred semiconductor sub 
strate is a Si substrate. 

[0031] As illustrated, the initial semiconductor substrate 
has a notch (labeled as 7) in Which the apex (labeled as 9) 
is pointing at the <001> direction. The notch is formed in the 
semiconductor substrate using standard techniques that are 
Well knoWn to those skilled in the art. 

[0032] After providing the semiconductor substrate hav 
ing a (110) surface orientation and a notch at the <001> 
direction of current ?oW, at least one NFET and a least one 
PFET are formed on the semiconductor substrate in a 
manner such that the at least one NFET has a current flow 
in the <100> direction, While the at least one PFET has a 
current flow in the <110> direction. That is, the NFETs are 
formed so as to be perpendicular to the PFETs. This con 
?guration for the at least one NFET and the at least one 
PFET is shoWn, for example, in FIG. 4. In FIG. 4, PC 
(labeled as element 10) denotes the gate region, While RX 
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(labeled as 12) denotes the source/drain regions. The direc 
tion of current How is labeled as 14. The NFET is labeled as 
16, While the PFET is labeled as 18. 

[0033] The integrated semiconductor structure of the 
present invention thus includes a semiconductor substrate 5 
having a (110) surface orientation and a notch 7 pointing in 
a <001> direction of current ?oW (see FIG. 3); and at least 
one PFET 18 and at least one NFET 16 located on the 
semiconductor substrate 5, Wherein said at least one PFET 
18 has a current How in a <110> direction and the at least one 
NFET 16 has a current How in a <100> direction, said <110> 
direction is perpendicular to the <100> direction (see FIG. 
4). 
[0034] The at least one NFET and at least one PFET are 
formed using conventional CMOS processing steps that are 
Well knoWn to those skilled in the art except that the NFETs 
and PFETs are fabricated such that they have current ?oW 
that is perpendicular to each other. The process How Will 
noW be described in greater detail With reference to FIGS. 
5A-5F. The process How for fabricating such NFETs and 
PFETs may begin With forming one or more isolation 
regions (not speci?cally shoWn), such as trench isolation 
regions or local oxidation of silicon (LOCOS) isolation 
regions, in the substrate. 

[0035] The formation of the LOCOS oxidation region 
includes the use of a standard LOCOS process. The trench 
isolation regions are formed by ?rst forming a sacri?cial 
material (not shoWn), such as an oxide, on the surface of the 
semiconductor substrate. The sacri?cial material may be 
formed by deposition or by a thermal process such as 
oxidation. Trench regions are then formed into the semicon 
ductor substrate by applying a photoresist to the sacri?cial 
material, exposing the photoresist to a pattern of radiation, 
developing the pattern into the exposed photoresist using a 
conventional resist developer, and transferring the pattern 
from the photoresist into the sacri?cial material and then the 
semiconductor substrate using an etching process such as 
reactive-ion etching (RIE). After pattern transfer, the pho 
toresist may or may not be removed from the structure 
utiliZing a conventional resist stripping process. A trench 
liner, such as TiN, may be formed onto the exposed side 
Walls of the trench by deposition or a thermal technique and 
then the trench is ?lled With a trench dielectric material such 
as, for example, a high density plasma oxide or tetraethy 
lorthosilicate (TEOS). After trench ?ll, the structure may be 
planariZed to the top surface of the semiconductor substrate. 
The isolation regions may be located betWeen the NFETs 
and the PFETs. 

[0036] A gate dielectric 50 (see FIG. 5A) is formed on a 
surface of the semiconductor substrate 5 by deposition or 
thermal oxidation, nitridation or oxynitridation. Combina 
tions of the aforementioned processes may also be used in 
forming the gate dielectric 50. The gate dielectric 50 is 
comprised of an insulating material including, but not lim 
ited to: an oxide, nitride, oxynitride or any combination 
thereof. 

[0037] A highly preferred insulating material that is 
employed in the present invention as the gate dielectric 50 
is SiO2. Although it is preferred to use SiO2 as the gate 
dielectric material, the present invention also contemplates 
using insulating materials, i.e., dielectrics, Which have a 
higher or loWer dielectric constant, k, than SiO2. For 
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example, the gate dielectric 50 may be comprise a high-k 
oxide such as Al2O3 or a perovskite-type oxide. 

[0038] The physical thickness of the gate dielectric 50 
may vary, but typically the gate dielectric 50 has a thickness 
of from about 0.5 to about 20 nm, With a thickness of from 
about 1.0 to about 10.0 nm being more highly preferred. 

[0039] After forming the gate dielectric 50, a gate con 
ductor 52 is formed on at least the exposed upper surface of 
the gate dielectric 50 (see, FIG. 5B). The gate conductor 52 
is comprised of a conductive material including, but not 
limited to: elemental metals such as W, Pt, Pd, Ru, Re, Ir, Ta, 
M0 or combinations, including alloys, and multilayers 
thereof; silicides and nitrides of the foregoing elemental 
metals; polysilicon either doped or undoped; or combina 
tions and multilayers thereof. One highly preferred conduc 
tive material employed as the gate conductor 52 is doped 
polysilicon. 
[0040] The gate conductor 52 is formed utiliZing a depo 
sition process such as CVD, plasma-assisted CVD, sputter 
ing, evaporation, chemical solution deposition or plating. 
When metal suicides are employed, a conventional silicida 
tion process may be used in forming the same. On the other 
hand, When doped polysilicon is employed as the gate 
conductor 52, the doped polysilicon may be formed by an 
in-situ doping deposition process, or alternatively, a layer of 
undoped silicon is ?rst deposited and thereafter an ion 
implantation process is employed in doping the undoped 
polysilicon. The doping of the undoped polysilicon may 
occur immediately after deposition or in a later processing 
step. 

[0041] The physical thickness of the gate conductor 52 
formed at this point of the present invention may vary 
depending on the conductive material employed as Well as 
the process used in forming the same. Typically, hoWever, 
the gate conductor 52 has a thickness of from about 20 to 
about 400 nm, With a thickness of from about 50 to about 
200 nm being more highly preferred. 

[0042] A hard mask, not shoWn, may be formed atop the 
gate conductor prior to patterning the gate conductor. The 
hard mask may be comprised of an oxide, nitride, oxynitride 
or any combination thereof. 

[0043] The gate conductor 52 (and optional hard mask) 
may be patterned at this point of the present invention 
utiliZing lithography and an etching step to provide a plu 
rality of patterned gate conductors 54. FIG. 5C shoWs the 
structure after the patterning step. The NFET device region 
is labeled as 100 and the PFET device region is labeled as 
102. Although shoWing the presence of a single patterned 
gate conductor in each device region, a plurality of patterned 
gate conductors may be formed in each device region, as 
appropriate. The etching step may stop atop the gate dielec 
tric 50 or it may remove the gate dielectric 50. In embodi 
ments Where a hard mask is employed, this etching step may 
also remove the hard mask from the structure. FIG. 5C 
shoWs a structure in Which the etching stops atop the gate 
dielectric 50. 

[0044] Next, source/drain extensions (not shoWn) may be 
formed into the semiconductor substrate using an ion 
implantation process. Spacers 56 are then formed on the 
sideWalls of each patterned gate conductor 54. See FIG. 5D. 
The spacers 56 are comprised of a conventional insulating 
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material such as an oxide, nitride, oxynitride or any com 
bination including multilayers thereof. Preferably, the spac 
ers 56 are composed of SiN or SiO2, With SiN spacers being 
especially preferred in the present invention. The spacers 56 
are formed by deposition and etching. Note that the spacers 
56 can be formed atop a portion of gate dielectric as shoWn, 
or they may be formed directly atop the semiconductor 
substrate if the gate dielectric Was previously removed. In 
embodiments Where the gate dielectric Was not previously 
removed, the unprotected portions of the gate dielectric 50 
can be removed during or after the spacer etch. Note also 
that the hard mask may also be removed during this step of 
the present invention. 

[0045] At this point of the present invention, a block mask 
is formed over a portion of the semiconductor substrate in 
Which either the NFET or PFET Will be formed. FIG. 5E 
shoWs the case in Which block mask 60 is formed atop the 
PFET device region 102. Next, source/drain regions 58 for 
the NFETs may be formed into the semiconductor substrate 
by ion implantation and annealing. The dopant for forming 
the NFETs is arsenic and/or phosphorus. The resultant 
structure including source/drain regions 58 is shoWn, for 
example, in FIG. SF. 

[0046] After forming the source/drain regions in the NFET 
gate region, the block mask 60 is removed from the structure 
using a conventional resist stripping process; another block 
mask is formed over the thus completed NFET region; and 
then the source/drain regions for PFETs are formed using 
boron and/or antimony, for example, as the dopant ion. In 
accordance With the present invention, the PFETs are formed 
such that the current flow is perpendicular to the current flow 
of the NFETs region. This can be accomplished by 1) 
placing the PFETs such that the direction indicated as 14 in 
FIG. 4 is pointing to the Wafer notch, or 2) placing the 
NFETs such that the direction indicated as 14 of FIG. 4 is 
pointing to the direction perpendicular to the Wafer notch. 

[0047] After forming the PFETs perpendicular to the 
NFET the other block mask is removed providing the 
structure shoWn in FIG. 4. Note that although the above 
describes forming the NFETs prior to the PFETs, the process 
How Works When the PFETs are formed prior to the NFETs. 

[0048] While the present invention has been particularly 
shoWn and described With respect to preferred embodiments 
thereof, it Will be understood by those skilled in the art that 
the foregoing and other changes in forms and details may be 
made Without departing from the spirit and scope of the 
present invention. It is therefore intended that the present 
invention not be limited to the exact forms and details 
described and illustrated, but fall Within the scope of the 
appended claims. 

1. A method of forming an integrated semiconductor 
structure comprising the steps of: 

providing a semiconductor substrate that has a (110) 
surface orientation and a notch pointing in a <001> 
direction of current flow; and 

fabricating at least one PFET and at least one NFET on the 
semiconductor substrate, Wherein said at least one 
PFET has a current flow in a <110> direction and the 
at least one NFET has a current flow in a <100> 
direction, said <110> direction is perpendicular to the 
<100> direction. 
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2. The method of claim 1 Wherein said at least one PFET 
and at least one NFET are formed by the steps of: forming 
a gate dielectric on a surface of the semiconductor substrate; 
forming patterned gate conductors on the gate dielectric; 
blocking some of the patterned gate conductors With a block 
mask; forming source/drain regions in the unblocked areas; 
removing the block mask; forming another block mask over 
areas containing the source and drain regions; and forming 
source/drain regions in the previously unblocked areas. 

3. The method of claim 2 further comprising forming 
spacers on exposed sideWalls of each patterned gate con 
ductor prior to said blocking step. 

4. The method of claim 2 Wherein said gate dielectric is 
formed by a thermal process or deposition. 

5. The method of claim 2 Wherein the patterned gate 
conductors are formed by deposition and etching. 

6. The method of claim 1 Wherein the at least one NFET 
comprises source/drain regions formed by ion implanting a 
dopant selected from the group consisting of arsenic and 
phosphorus into the semiconductor substrate. 

7. The method of claim 1 Wherein the at least one PFET 
comprising source/drain regions formed by ion implanting a 
dopant selected from the group consisting of boron and 
antimony into the semiconductor substrate. 

8. The method of claim 1 Wherein the at least one PFET 
and the at least one NFET each include source/drain regions, 
Wherein the source/drain regions of the at least one PFET lie 
perpendicular to the source/drains of the at least NFET. 

9. The method of claim 1 Wherein said fabricating com 
prises placing the at least one PFET such that the current 
flow of the at least one PFET is pointed to the notch. 

10. The method of claim 1 Wherein said fabricating 
comprises placing the at least one NFET such that the 
current flow of the at least one NFET is perpendicular to the 
notch. 

11. An integrated semiconductor structure comprising 

a semiconductor substrate comprising a Group IV semi 
conducting material that has a (110) surface orientation 
and a notch pointing in a <001> direction of current 
flow; and 

at least one PFET and at least one NFET located on the 
semiconductor substrate, said at least one PFET and 
said at least one NFET each having a device channel 
parallel to a surface of said semiconducting substrate, 
Wherein said at least one PFET has a current flow in a 
<110> direction and the at least one NFET has a current 
flow in a <100> direction, said <110> direction is 
perpendicular to the <100> direction. 

12. The integrated semiconductor structure of claim 11 
Wherein said Group IV semiconducting material is selected 
from the group consisting of Si, SiGe, SiC, and SiGeC. 

13. The integrated semiconductor structure of claim 12 
Wherein said Group IV semiconducting material is Si. 

14. The integrated semiconductor structure of claim 11 
Wherein the at least one NFET and the at least one PFET 
each comprise a gate dielectric located on the semiconductor 
substrate, a patterned gate conductor located on portions of 
the gate dielectric, and spacers located on exposed sideWalls 
of the patterned gate conductor. 

15. The integrated semiconductor structure of claim 14 
Wherein the gate dielectric is an oxide. 

16. The integrated semiconductor structure of claim 14 
Wherein the patterned gate conductor comprises polySi. 
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17. The integrated semiconductor structure of claim 11 
Wherein the at least one PFET and the at least one NFET 
each include source/drain regions, Wherein the source/drain 
regions of the at least one PFET lie perpendicular to the 
source/drains of the at least one NFET. 

18. An integrated serniconductor structure comprising 

a semiconductor substrate that has a (110) surface orien 
tation and a notch pointing in a <001> direction of 
current 110W; and 

at least one PFET and at least one NFET located on the 

semiconductor substrate, Wherein said at least one 
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PFET has a current How in a <110> direction and the 

at least one NFET has a current How in a <100> 

direction, said <110> direction is perpendicular to the 
<100> direction, Wherein the at least one NFET and the 
at least one PFET each comprise a gate dielectric 
located on the semiconductor substrate, a patterned 
gate conductor located on portions of the gate dielec 
tric, and spacers located on eXposed sideWalls of the 
patterned gate conductor. 


